This experiment was conducted to evaluate the effects of dietary supplementation with Clostridium butyricum on laying performance, egg quality, serum parameters, and cecal microflora of laying hens in the late phase of production. Jinghong-1 strain laying hens (n = 960; 48 wk of age) were randomly allocated to 5 treatment groups with 6 replicates of 32 hens. Hens were fed with basal diet (control) and basal diet supplemented with 2.5 × 10 4 (CB1), 5 × 10 4 (CB2), 1 × 10 5 (CB3), and 2 × 10 5 (CB4) cfu/g C. butyricum for 10 wk. The results showed that egg production, egg mass, and eggshell strength increased quadratically as supplemental C. butyricum increased, and these responses were maximized in the CB2 group (P < 0.05). Compared with the control group, the addition of C. butyricum resulted in quadratic effects on serum total protein, uric acid, calcium, complement component C 3 and catalase concentrations, and these responses were maximized or minimized in the CB2 group (P < 0.05). Linear and quadratic increases were observed in serum IgM, total superoxide dismutase, and glutathione peroxidase concentrations, and these responses were maximized in CB2 or CB3 group (P < 0.05). The addition of C. butyricum in the CB2 group resulted in linearly increasing levels of serum IgG concentration as compared with the control group (P < 0.05). Spleen index increased (P < 0.05) in the CB2 group. Hens fed with C. butyricum reduced (P > 0.05) the population of E. coli, while Bifidobacterium counts increased quadratically and maximized in the CB2 group (P < 0.05).
INTRODUCTION
During the past decade, antibiotics have been widely used in poultry industry, which can improve health and productive performance by cure infections caused by pathogenic bacteria in animals (Sorum and Sunde, 2001 ). However, long-term use of antibiotics results in antibiotic residual and drug-resistant bacteria (Gustafson and Bowen, 1997; Nayak and Kenney, 2002) . The Europe Union banned the use of antibiotics as growth promoters in animal feed (Europe Union Commission, 2005) . So, it is an urgency to find an efficient alternative to reduce economic losses caused by the prohibition. Recently, some studies found that probiotics can inhibit the colonization of pathogens and maintain the balance of gastrointestinal microbial C 2018 Poultry Science Association Inc. Received March 30, 2017. Accepted September 10, 2018. 1 The first two authors contributed equally to this work and should be considered co-first authors. 2 Corresponding author: xtzou@zju.edu.cn system (Musa et al., 2009; Ahasan et al., 2015) . It has been also reported that supplementation of probiotics could enhance economic efficiency via improving productive performance, decreasing egg yolk cholesterol and mortality, and improving immune function of laying hens (Panda et al., 2003; Xu et al., 2006; Kalsum et al., 2012; Zhang et al., 2012) . Clostridium butyricum is a strictly anaerobic endospore-forming gram-positive bacillus, which can resist greater bile concentrations and higher temperature compared with Lactobacillus and Bifidobacterium (Murayama et al., 1995; Kong et al., 2011) . Moreover, it has been confirmed that C. butyricum can enhance growth performance and this may attributed to a healthy micro-ecological environment which stimulate metabolism by increasing digestive enzymes and producing short-chain fatty acids (SCFA) (Nakanishi et al., 2003; Cao et al., 2012; Zhao et al., 2013) . Previous studies reported that supplementation with C. butyricum could increase broilers' antioxidative enzymes' activity and improve immune function by activating TLR-2-mediated MyD88-independent signaling pathway (Pan et al., 2008; Gao et al., 2012; Yang et al., 2012; Liao et al., 2015) .
However, no study has been performed to investigate the effects of C. butyricum on laying hens. Therefore, the present experiment was conducted to evaluate the effects of C. butyricum on laying performance, egg quality, serum antioxidant enzyme activities, and immune parameters of laying hens in the late phase of production.
MATERIALS AND METHODS
The experiment was conducted in accordance with the Chinese guidelines for animal welfare and approved by the Animal Welfare Committee of Animal Science College, Zhejiang University (Hangzhou, China).
Birds and Housing
A total of 960 Jinghong-1 strain laying hens with similar performance, 48 wk of age, were randomly allocated to 5 treatment groups, each of which included 6 replicates of 32 hens. Birds were kept in 3-layer complete ladder cages and housed 4 birds per cage (50 cm × 45 cm × 45 cm; length × width × height) under semi-controlled environmental conditions. Hens were fed twice daily at 0600 and 1500 h, and were free access to feed and water throughout the experiment. The study was carried out between April and July and the mean daily temperature was 25 ± 5
• C, with a photoperiod of 16L:8D. This trial lasted 10 wk, including a 2-wk acclimatization period and 8-wk experimental period.
Diets
Hens were offered the same corn-soybean basal diet, which was formulated to meet the nutrient requirements as recommended by NRC (1994) . The composition of the basal diet is shown in Table 1 . The 5 treatment groups were basal diet (control) and basal diet supplemented with 2.5 × 10 4 (CB1), 5 × 10 4 (CB2), 1 × 10 5 (CB3), and 2 × 10 5 (CB4) cfu/g C. butyricum. The C. butyricum supplement was previously determined to contain at least 2 × 10 8 colony-forming unit (cfu)/g powder. C. butyricum was purchased from Hubei green snow biological industry Co., Ltd (Xianning, China). The C. butyricum was first mixed with premix and then mixed with other ingredients. Diets were stored in a dry and well-ventilated storeroom.
Laying Performance and Egg Quality
Egg production and egg weight were recorded daily and feed consumption was recorded weekly on a perreplicate basis. Egg mass was calculated (egg weight × egg production). Feed conversion ratio was calculated as grams of feed intake per gram of egg mass. At 58 wk of age, 24 eggs from each treatment were randomly 
Sample Collection and Laboratory Analyses
At the end of the experiment (week 58), 8 hens per treatment underwent 24 h fasting and were slaughtered by cervical dislocation and blood samples were collected. Instantly, the spleen samples were separated and all connective tissues and fat were removed. And then weighed to obtain the spleen index using the following formula: spleen index (g/kg) = spleen weight (g)/body weight (kg). The cecum samples were ligated at both sides with sterilized surgical thread and removed from the gastrointestinal tract. Then put in an aseptic sample bag and stored at 4
• C. Blood samples were allowed to clot at room temperature and centrifuged for 10 min (3000 × g) at 4
• C before harvesting the serum. Serum samples were aspirated by pipette and stored in 1.5-mL Eppendorf tubes at −80
• C until analyzed. The samples were then thawed at 4
• C before analysis. Serum concentrations of Ca, P, alkaline phosphatase (AKP), total protein, uric acid, urea nitrogen, glucose, total antioxidative capacity (T-AOC), total superoxide dismutase (T-SOD), catalase (CAT), glutathione peroxidase (GPH-Px), and malondialdehyde (MDA) were measured spectrophotometerically (UV-2000, Unico Instruments Co. Ltd., Shanghai, China) using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Concentrations of serum IgA, IgG, IgM, complement component 3 (C 3 ), and complement component 4 (C 4 ) were measured using the chicken-specific ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). All the procedures were carried out according to the manufacturers' instructions.
Cecal Microbial Populations
After sampling, cecal microbial populations were analyzed within 24 h. The cecal contents (0.5 g) were diluted with 4.5 mL aseptic normal saline, and homogenized in a whirlpool mixer. Each cecal homogenate was diluted 10-fold from 10 −2 to 10 −9 . Diluted samples (0.1 mL) were inoculated into selective agar for bacterial enumeration. Esherichia coli were incubated using MacConkey agar at 37
• C for 24 h. Bifidobacterium were incubated using TPY agar in an anaerobic incubator at 37
• C for 48 h. Results were reported as log 10 colony-forming units per gram of cecal contents. All the procedures were carried out in super-clean bench. The agars were purchased from Baisi biotechnology Co., Ltd (Hangzhou, China).
Statistical Analyses
Data were statistically analyzed by SPSS 17.0 for Windows (SPSS Inc., Chicago, IL). Analysis of variance was conducted by one-way ANOVA. When significant differences were found (P < 0.05), Tukey post hoc tests were performed. Orthogonal polynomials were used for linear and quadratic response analysis.
RESULTS

Laying Performance
As shown in Table 2 , egg production and egg mass increased quadratically (P < 0.05) as supplemental C. butyricum increased, and these responses were maximized in the CB2 group. Although dietary C. butyricum did not affect egg weight and feed conversion ratio (P > 0.05), these responses were quadratic as the level of dietary C. butyricum increased (P < 0.05). No significant difference was observed in feed intake among the treatments (P > 0.05).
Egg Quality
As showed in Table 3 , eggshell strength increased quadratically to supplemental C. butyricum, and the response was maximized in the CB2 group (P < 0.05). Although supplementing the diet with C. butyricum had no significant effect on albumen height, Haugh unit, yolk color, and eggshell thickness (P > 0.05), quadratic increases were observed as C. butyricum supplementation increased (P < 0.05). 1 n = 24 eggs per treatment group. Control = basal diet; CB1 = basal diet supplemented with 2.5 × 10 4 cfu C. butyricum/g; CB2 = basal diet supplemented with 5 × 10 4 cfu C. butyricum/g; CB3 = basal diet supplemented with 1 × 10 5 cfu C. butyricum/g; CB4 = basal diet supplemented with 2 × 10 5 cfu C. butyricum/g. kgf = Kilogram force. a,b Means sharing different letters in the same column are significantly different (P < 0.05).
Serum Biochemical Indices
As presented in Table 4 , no significant effects on urea nitrogen, phosphorus, and glucose were noted among all treatments (P > 0.05). However, serum total protein concentration significantly increased (P < 0.05) in the CB2 group compared with control group, and serum uric acid concentration decreased (P < 0.05) in CB2 and CB3 groups. Moreover, the addition of C. butyricum resulted in quadratic effects on serum total protein, albumin, and uric acid concentrations (P < 0.05). Serum calcium concentration in response to supplemental C. butyricum was quadratic, and it was maximized in the CB2 group (P < 0.05). Table 4 . Effect of C. butyricum on serum biochemical indices. 
Serum Immune Parameters and Spleen Index
As showed in Table 5 , serum IgM concentrations were significantly higher (P < 0.05) in C. butyricum treated groups compared with the control group, and the highest one was obtained in the CB3 group. Linear and quadratic increases were found in serum IgM concentrations as the C. butyricum supplementation increased (P < 0.05). The addition of C. butyricum in CB2 group resulted in linearly increasing levels of serum IgG concentration as compared with the control group (P < 0.05). However, no significant difference was observed in serum IgA (P > 0.05). Serum complement component C 3 and C 4 increased quadratically in response to dietary C. butyricum, and these responses were maximized in the CB3 or CB2 group (P < 0.05). As presented in Figure 1 , the spleen index significantly increased (P < 0.05) in the CB2 group compared with the control group. 
Serum Oxidant and Antioxidant Status
The effect of dietary C. butyricum supplementation on serum oxidant and antioxidant status is showed in Table 6 . Serum T-SOD concentration was significantly higher (P < 0.05) in C. butyricum treated groups except the CB1 group. Both the concentration of GSH-Px and CAT in serum were significantly higher (P < 0.05) when hens fed in groups CB2 and CB3. Linear and quadratic increases were found in the serum T-SOD, GSH-Px, and CAT concentration as supplemental C. butyricum increased (P < 0.05). Serum T-AOC and MDA concentration were not affected by dietary C. butyricum (P > 0.05).
Cecal microflora
As showed in Table 7 , hens fed with C. butyricum reduced (P > 0.05) the population of E. coli and had higher (P < 0.05) population of Bifidobacterium when Bacterial number is expressed as log 10 colony forming units per gram cecal contents.
hens fed in the CB2 group. In addition, E. coli counts decreased linearly (P < 0.05), while Bifidobacterium counts increased quadratically as supplemental C. butyricum increased (P < 0.05).
DISCUSSION
In the experiment, egg production and egg mass increased significantly in the CB2 group compared with the control group. Similar to our findings, hens supplemented with Bacillus subtilis PB6 (2.3 × 10 8 cfu/g) improved egg production and egg mass (Abdelqader et al., 2013) . Aghaii et al., (2010) reported that hens fed with Bioplus 2B (B. subtilis (CH201) and B. licheniformis (CH200)) (3.2 × 10 6 cfu/g) significantly increased egg production and egg mass. Zhang et al., (2012) found that egg production and daily egg yield significantly increased when supplemented with probiotics (L. salivarius (3.6 × 10 6 cfu/g), C. butyricum (4 × 10 5 cfu/g), and B. subtilis (3.6 × 10 6 cfu/g)). The beneficial effects of probiotics (B. licheniformis) on egg production were probably due to their ability of promoting gut health, decreasing the stress response, and improving immune function (Deng et al., 2012; Lei et al., 2013) . Additionally, we found that egg production and egg mass increased quadratically as supplemental C. butyricum increased, and indicated that high dose of groups (CB3, CB4) not significantly improved production performance, this may due to the intestinal flora and environmental conditions. Mahdavi et al., (2005) found that hens supplemented with probiotics (B. subtilis (CH201) and B. licheniformis (CH200) (3.2 × 10 6 cfu/g and 4.6 × 10 6 cfu/g) seriously damaged digestive system, and decreased egg production, egg weight, and feed consumption. Some studies also found that probiotics did not influence the production performance of laying hens. Arpasova et al., (2016) showed that the addition of 0.5 g/kg probiotics (Lactobacillus fermentum and Enterococcus faecium) had no significant effect on hens' egg production. Capcarova et al., (2010) reported that hens fed with En. faecium M 74 strain (2.5 × 10 6 cfu/g) did not affect the number of eggs. The difference in performance among these studies may be attributed to many factors, such as the difference in the age of layers, supplemental dose, and environment. Generally, increased egg production most likely improved feed conversion ratio, but the feed conversion ratio in CB2 group did not significantly decrease compared with the control group. This may be referred to the results that egg weight and feed intake were not significantly affected by C. butyricum. Similarly, Guo et al., (2017) also found that egg production increased and feed: egg ratio did not significantly decrease when hens were fed with B. subtilis CGMCC 1.921(1 × 10 6 cfu/g). Eggshell strength is an important parameter in poultry industry, the economic loss caused in the process of transportation and storage could be reduced when the value of eggshell strength is big enough. In our study, eggshell strength was significantly improved in the CB2 group compared with the control group. Increased eggshell strength may be associated with the ability of C. butyricum to produce large amount of SCFA and decrease pH (Zhang et al., 2011) . Sengor et al., (2007) found that hens supplemented with SCFA premix high in butyrate improved eggshell strength, and lowered pH facilitates absorption and utilization of calcium and phosphorus (Abdel-Fattah et al., 2008) , which plays a great role in eggshell formation. Similar to our results, Guo et al., (2017) demonstrated that eggshell strength significantly improved when laying hens were fed with B. subtilis CGMCC 1.921 at week 20 and 24. Our results revealed that dietary C. butyricum did not significant affect albumen height, Haugh unit, yolk color, and eggshell thickness among all 5 treatments. Likewise, Panda et al., (2008) reported that there were no effects on Haugh unit but significantly increased eggshell strength when hens fed with L. sporogenes (6 × 10 5 cfu/g). Zhang and Kim, (2013) also found that hens fed with En. faecium DSM 7134 (1 × 10 6 cfu/g) did not influence yolk color and Haugh unit. Xu et al., (2006) reported that no significant difference was found in Haugh unit, yolk color, and eggshell thickness when hens fed with B. subtilis (3 × 10 6 cfu/g). In poultry, calcium for eggshell formation is taking place along the entire gastrointestinal tract (Sugiyama et al., 2007) , but the intestinal tract of laying hens at the late phase of production might have exhausted, which limits minerals absorption (Abdelqader et al., 2013) . C. butyricum can produce large amounts of SCFA, such as butyrate and acetate (Nakanishi et al., 2003) , which could reduce intestinal pH and stimulate epithelial cell proliferation and villus height (Garcia et al., 2007) , and then promote the absorption and utilization of minerals including calcium (Boling et al., 2001; Abdel-Fattah et al., 2008; Soltan et al., 2008) . There was also evidence that dietary C. butyricum increased jejunal villus height and the relative length of caecum (Zhang et al., 2011) . In our study, we found that serum calcium concentration significantly increased in the CB2 group compared with control group, and this result was consistent with the change in eggshell strength. In addition, we observed that serum total protein concentration significantly increased in the CB2 group, which was associated with production performance and immune function (Vanstone et al., 1955; Bunchasak et al., 2005) . Serum uric acid concentration decreased in CB2 and CB3 groups. Similarly, Cao et al., (2012) reported that the concentration of serum uric acid decreased when birds were fed with C. butyricum on day 21. These results indicated that C. butyricum may have a positive effect on the nitrogen utilization of hens, but the mechanism needs to be further studied.
Probiotics have been showed to benefit immune function of animals (Wang et al., 1996; Deng et al., 2012; Bai et al., 2013) . In addition, the mechanism by which probiotics could have an effect was probably by modulating immune system, antitoxic effect, adhesion of pathogens to intestinal mucosal epithelium, production of antimicrobial metabolites, and competitive exclusion between probiotics and pathogenic bacteria (Ahasan et al., 2015) . Serum immunoglobulin and complement components are usually used to evaluate the immune status of hens due to their important roles in immune function. And several studies have already demonstrated that animals fed with C. butyricum have beneficial effects on immunoglobulin. For example, Song et al., (2006) observed that the concentrations of serum IgM and lysozyme activity in Miichthys miiuy were higher when supplemented with C. butyricum (1 × 10 7 cfu/g). Yang et al., (2012) also found that broilers receiving C. butyricum diets (3 × 10 4 cfu/g) promoted the concentrations of serum IgG and IgM, and significantly increased serum complement component C 3 at the age of 7 to 42. Zhuang et al., (2015) found that C. butyricum inclusion (1 × 10 6 cfu/g) significantly increased serum IgM content of Cherry Valley ducks. However, no study has been performed to investigate the effects of C. butyricum on immune function of laying hens. Our analyses found that serum IgM, IgG, complement component C 3 and C 4 concentrations were significantly increased in the CB2 group. The increased serum immunoglobulins may due to that C. butyricum can act as a mitogen resulting in proliferation and transformation of B cells, which would mature after homing and class-switching to immunoglobulin secretion (Murayama et al., 1995) . Spleen is a vital lymphoid organ in laying hens caused by lacking of lymph nodes. Thus, it is meaningful to measure the spleen index. We observed that the spleen index significantly improved in the CB2 group compared with the control group. In concordance with the present study, Chen et al., (2013) reported that broilers given probiotics (B. subtilis (2 × 10 7 cfu/g) and C. butyricum (2 × 10 6 cfu/g)) increased relative weight of spleen. The aforementioned results demonstrated that C. butyricum may have beneficial effects on immune function of laying hens, but the exact mechanism needs to be further investigated.
Previous studies have found that diets supplemented with probiotics impact antioxidant enzyme activity of animals. For instance, Weifen et al., (2012) investigated the effect of Bacillus on grass carp and found that the concentrations of T-AOC were significantly increased both in serum and liver, and the similar consequence was observed on GSH-Px. Aluwong et al., (2013) demonstrated that GSH-Px activity was significantly higher when broilers supplemented with 0.25 mL yeast probiotic. However, to our study, information is lacking on the effects of C. butyricum on laying hens' antioxidation. In this experiment, hens fed in CB2 and CB3 group significantly increased serum GSH-Px, CAT, and T-SOD concentration. Similarly, Liao et al., (2015) found that broilers fed with C. butyricum improved antioxidative enzymes in intestinal mucosa. This may have resulted from that C. butyricum can produce butyrate and H 2 , which have been proved to enhance the activity of antioxidative enzymes and decrease ROS (Sauer et al., 2007; Jahns et al., 2015) . All together, these results indicated that supplementation of C. butyricum has beneficial effects on regulating oxidative stress by improving the activity of antioxidative enzyme in laying hens.
In chicken, cecum is relatively stable and contains the largest and most complex microbial community, and is vulnerable to infected with enteric pathogens (Mead, 1989; Jozefiak et al., 2004) . Our analyses found that hens fed in the CB2 group showed lower E. coli counts and higher Bifidobacterium counts. In agreement with our study, Yang et al., (2012) found that broilers fed with 2 × 10 4 or 3 × 10 4 cfu/g C. butyricum significantly decreased the counts of E. coli and increased that of Bifidobacterium and Lactobacillus. Kong et al., (2011) also reported that C. butyricum could benefits the ecosystem of gut by increasing the counts of Bifidobacterium and Lactobacillus and decreasing the C. perfringens in mice. It was also reported that co-incubation with C. butyricum inhibited the growth of pathogenic bacteria such as E. coli and C. difficile. (Takahashi et al., 2004; Woo et al., 2011) . This may be due to that C. butyricum can produce large amount of SCFA, competing with pathogens for attachment sites on the intestinal surface and inhibiting the adhesion of pathogens by lipoteichoic acid. (Araki et al., 2002; Gao et al., 2011; Mookiah et al., 2014) . In our study, the counts of Bifidobacterium increased quadratically as the inclusion of C. butyricum increased, this may due to that excess C. butyricum could also compete nutrients and attachment sites with beneficial bacteria (Bifidobacterium), and then affected the balance of cecal microflora, but the exact mechanism needs to be further studied. Additionally, Guo et al., (2017) reported that the primary factors for improving production performance are probably the higher beneficial bacteria population and lower numbers of pathogens. In this experiment, hens fed in CB3 and CB4 groups did not significantly increase the population of Bifidobacterium, and this in turn explained the effects on production performance.
In conclusion, dietary supplementation with C. butyricum (5 × 10 4 cfu/g or 1 × 10 5 cfu/g) was effective in increasing egg production performance, improving egg quality, promoting serum immune and antioxidant function, and benefiting the cecal microflora of laying hens.
